The mammary glands of mammals from the platypus to man are identical in fine structure, and consist of alveolar tissue within which milk is continuously secreted during lactation. An alveolar structure increases enormously (perhaps by 10 000-fold) the surface area for secretion relative to the external size of the gland, but at the same time complicates the problem of milk removal.
Introduction
The mammary glands of mammals from the platypus to man are identical in fine structure, and consist of alveolar tissue within which milk is continuously secreted during lactation. An alveolar structure increases enormously (perhaps by 10 000-fold) the surface area for secretion relative to the external size of the gland, but at the same time complicates the problem of milk removal.
Small ducts generate substantial surface tension forces that oppose the movement of fluids: suction is therefore a relatively ineffective method for removal of alveolar milk. The problem has been overcome by investing the alveoli in a basket-like reticulum of myoepithelium which contracts in response to oxytocin released from the posterior pituitary. When stimulated by oxytocin the alveoli are compressed and milk is expelled into the larger collecting ducts for removal by the sucking of the young. Further, the establishment of a nervous link between the nipple and the oxytocinergic neurones of the hypothalamus allows milk ejection from the alveolar tissue to be co-ordinated with the sucking of the young. Thus is formed the most classical of neuroendocrine reflexes. Our analysis of this reflex would, if we adopted a traditional approach, commence with the sensory input to the hypothalamus (afferent limb) and conclude with a study of the motor response, i.e. the release of oxytocin and milk ejection (efferent limb). There are however sound reasons for reversing this procedure. The process of milk ejection is remarkably uniform in all mammals, but the same cannot be said of the afferent limb of the reflex arc. Two of the laboratory animals make a good comparison in this respect (Text- fig. 1 ).
Alveoli contain >80% of stored milk. Reflex The rat spends about 18 h/day during lactation with young firmly attached to her nipples.
Individual milk ejections, each lasting about 15 sec, are observed at regular intervals of 3-10 min during each nursing period (Text- fig. 2 ). The rabbit, by contrast, nurses her young for a precise period of 3-4 min once a day.
Milk ejection from the mammary gland
The contraction of the myoepithelial cell probably involves an oxytocin receptor-mediated depolarization of the cell membrane. During pregnancy the number of receptors in the mammary tissue of the rat increases progressively and remains relatively constant throughout lactation (Soloff, Alexandrova & Fernstrom, 1979) . This contrasts markedly with the uterus where oxytocin receptors in the myometrium increase about 40-fold in the hours immediately before parturition and rapidly disappear thereafter. These changes in receptor concentration in the uterus are related to dramatic changes in oestrogen, progesterone and prostaglandin production at the time of parturition (Alexandrova & Soloff, 1980 : McCracken, 1980 , though clearly the interaction is largely tissue specific and does not involve the mammary gland to any significant degree. One important consequence of these changes in receptor availability, when combined with the fact that copious milk production does not occur until shortly after parturition, is that oxytocin may be used sequentially, first to facilitate the delivery of the young and then later to promote milk ejection. The oxytocin receptors of the mammary gland are not notably specific. Vasopressin, the other major hormone of the posterior pituitary, has 25% of the milk-ejecting activity of oxytocin in the rat (Berde & Boissonnas, 1968) . This is of some practical importance because it confers on vasopressin, normally released in response to dehydration and increased plasma osmolarity, the potential to influence the contractile activity of the myoepithelium.
The dose-response curve of the mammary gland has a very limited dynamic range when measured in terms of intramammary pressure recorded from a cannulated galactophore. A bolus injection of 0-1 mU oxytocin (0-2 ng) given intravenously to a lactating rat normally fails to procure an increase in intramammary pressure, whereas an injection of 1-0 mU evokes an increase in pressure commencing after a latency of 10 sec and peaking at 8-10 mmHg after 15 sec. Increasing further the size of the injection results in little additional increase in pressure, though at much larger doses (>5 mU) multiple contractions may develop (Lincoln, Hill & Wakerley, 1973) . The speed of the injection is also critical. A bolus injection of 0-5 mU delivered in 2 sec will evoke a substantially larger rise in intramammary pressure than 2-0 mU given over 30 sec. These results clearly suggest that a pulsatile pattern of hormone release would be the most effective way of utilizing oxytocin to produce milk ejection. Our information for other species is less detailed but supports the point made above. In larger species the response of the mammary gland appears to be more prolonged and it therefore becomes more difficult to correlate contractions with plasma levels of oxytocin. Our studies of the agile wallaby, Macropus agilis, illustrate the situation most clearly (Lincoln & Renfree, 1981a, b (Cross, 1955; Bisset, Clark & Lewis, 1967; Vorherr, 1971 (Vorherr, Kleeman & Lehmen, 1967) . However, it is most important to appreciate that this response of the young follows-albeit within a fraction of a second-the rise in intramammary pressure (Text- fig. 3 ). Between milk ejections the young rest quietly but remain firmly attached to the nipples. There have been no detailed studies of intramammary pressure in the unanaesthetized rat, but behavioural responses identical to those described above are observed from the young at regular intervals during nursing (Lincoln et al, 1980; Summerlee & Lincoln, 1981) (Text-fig. 7 ). These recordings of intramammary pressure suggest a pulsatile pattern of oxytocin release. Furthermore, the periodicity is such that the sensitivity of the mammary gland to oxytocin is maintained. The actual pattern of oxytocin release has not been successfully analysed by the radio-immunoassay of plasma. Such an approach has been prevented by relatively insensitive assays and the need to withdraw large volumes of blood (1 ml) at prescribed times relative to the release of oxytocin. Individual milk ejections are not associated with increases in the plasma level of vasopressin, although the basal level of vasopressin increases from 1-55 ± 0-34 µ /ml plasma before the application of the young to 2-94 ± 0-35 µ /ml during the period of nursing (D. W. Lincoln & M. L. Forsling, unpublished observations) . This eliminates vasopressin as a causal factor in milk ejection in the rat, and confirms evidence obtained in other species which shows that suckling is a highly selective stimulus for the release of oxytocin (Bisset, Clark & Haldar, 1970;  Legros, Reynaert & Peeters, 1974 (Cleverley & Folley, 1970; Bruhn, Ellendorff, Forsling & Poulain, 1981 (Linzell, 1963) . In these species, therefore, a milk-ejection reflex is not essential for the feeding of the young, though it could facilitate the process (Text- fig. 1 ). This conclusion diverts our attention from the question of how milk is moved from the alveoli to the cisterns. The mechanism of secretion could itself generate sufficient pressure within the alveoli to force milk into the collecting ducts and cisterns. Alternatively, local contractions induced by the stretching of the myoepithelium could effectively pump milk into the cisterns. Marsupials. Lactation and the associated question of milk ejection is far more complex in metatherian than eutherian mammals. The young are born in almost embryonic form and remain continuously attached to teats for some months in the macropodid species. Lactogenesis is confined to the mammary gland to which the neonate attaches, and the size of the gland increases throughout most of lactation to meet the increasing nutritional needs of the pouch young. In some species, for example the red kangaroo (Sharman & Pilton, 1964) and the agile wallaby (Merchant, 1976) (Lincoln & Renfree 1981a, b) . The fact that lactation continues for several months in the tammar wallaby, Macropus eugenii, after denervation of the lactating mammary gland (Renfree, 1979) suggests that milk ejection in early lactation is relatively independent of sensory stimuli from the nipple. The posterior pituitary is composed of pituicytes and the dilated axon terminals of neurones whose cell bodies are situated in the supraoptic and paraventricular nuclei of the hypothalamus. In the endoplasmic reticulum of these cells a peptide of about 20 000 molecular weight is synthesized, and in the Golgi apparatus this peptide is packaged into membrane-bound granules (neurosecretory granules) for transport to the posterior pituitary. During axonal transport, which occurs at the fast rate of about 2 mm/h, the precursor peptide is cleaved to produce oxytocin (molecular weight 1007) and at least two other large peptide fragments. Thus, oxytocin represents but 5% of the precursor from which it was formed. The remainder of the peptide, including the neurophysin moiety, has no established function, but because it is contained within the neurosecretory granule it is released in parallel with oxytocin (Legros et al, 1974) . Conversely, oxytocin (and vasopressin) may not be biologically active at other sites within the central nervous sytem where these peptides have been localized by immunohistochemistry (Sofroniew, 1980) : at these sites other parts of the precursor could be active. Reviews on the ultrastructure (Morris, Nordmann & Dyball, 1978) and biochemistry (Pickering, 1978) (Jones & Pickering, 1972) . A similar and apparently excessive storage capacity is seen in studies of other species. The human pituitary contains 3000-9000 mU oxytocin (Lederis, 1961) whilst reflex milk ejection may involve a release of no more than 50-100 mU (Cobo et al, 1967 (Theodosis, Dreifuss, Harris & Orci, 1976) , free calcium is sequestered, probably into microvesicles (Shaw & Morris, 1980) , and the membrane potential is restored through an energy-dependent sodium-potassium interchange. Through this process of stimulus-secretion coupling (Douglas & Poisner, 1964) a relationship is established which suggests that hormone release is a direct function of the number of action potentials entering the posterior pituitary from their origin in the magnocellular nuclei of the hypothalamus. In fact, this substantially under estimates the ability of the system. Action potentials entering the posterior pituitary along a given axon at a rate of 50/sec release perhaps 100 times as much oxytocin per potential when compared with those arriving at 1-5/sec (Lincoln, 1974a) . One explanation for this phenomenon of frequency facilitation is that short inter-spike intervals lead to an accumulation of calcium ions in the terminal; alternatively it could relate to the progressive movement of granules towards the terminal membrane. Evidence for frequency facilitation has arisen largely from studies involving electrical stimulation of the posterior pituitary. Both in vivo (Harris, Manabe & Ruf, 1969) and in vitro (Dreifuss, Kalnins, Kelly & Ruf, 1971 ) the optimal frequency of electrical stimulation is 30-50 Hz using square wave pulses of about 1 msec. The rabbit (Harris et al, 1969) , pig (Bruhn et al, 1981) Lincoln & Wakerley, 1974 . Their peak rate of firing is some 20-80 action potentials/sec compared with a background discharge of 0-5 spikes/sec (Text-fig. 6 ). This period of accelerated activity is remarkably consistent in both duration and frequency of discharge. Most important, the interval between the neurosecretory burst and the rise in intramammary pressure is constant. Thus we are observing a synchronized acceleration in the firing of all '9000' oxytocinergic neurones in the supraoptic and paraventricular nuclei. When recordings were made of putative oxytocinergic neurones in the unanaesthetized rat during nursing using chronically implanted microwire electrodes (Summerlee & Lincoln, 1981) (Lincoln, 1974a; Cross et al, 1975 (Guillemin et al, 1977) , could reach the posterior pituitary. Our involvement in this field, however, began with the discovery that naloxone, an opiate antagonist, would facilitate the electrically induced release of oxytocin from the posterior pituitary in rats that were otherwise refractory to stimulation. This suggested an inhibition of release at the level of the terminal by an endogenous opioid. Subsequently, morphine placed in the cerebral ventricles was observed to inhibit stimulus-evoked release of oxytocin from the posterior pituitary (Clarke, Wood, Merrick & Lincoln, 1979) . As expected, morphine blocked the suckling-induced release of oxytocin but to our surprise explosive bursts of electrical activity were still displayed by the hypothalamic magnocellular neurones. Opiates therefore appear to block stimulus-secretion coupling by dissociating electrical activity from peptide release at the terminal. More recent studies on the isolated posterior pituitary have shown that the release of both oxytocin and vasopressin is substantially reduced when electrical stimulation has been applied to the cut pituitary stalk after morphine, ß-endorphin and long-acting enkephalin analogues have been added to the incubation medium, and the inhibition is naloxone reversible (Iversen, Iversen & Bloom, 1980 (Jessell & Iversen, 1977) .
Whilst ß-endorphin released from the neurointermediate lobe could act to inhibit oxytocin release during stress, a new possibility has arisen with the discovery of enkephalin-containing neurones innervating the posterior pituitary (Rossier et al, 1979) . Furthermore, Martin & Voigt (1981) have provided immunohistochemical evidence to suggest a possible co-existence of met-enkephalin with oxytocin and leu-enkephalin with vasopressin within magnocellular neurones. The levels of enkephalin (Rossier et al, 1979) (Findlay, 1966; Cross & Findlay, 1969; Montagna & Macpherson, 1974) . A dramatic increase in tactile sensitivity of the human breast has been recorded within 1-2 days of delivery, with smaller increases at ovulation and menstruation (Robinson & Short, 1977) . These changes in proprioceptive sensibility appear to be caused by falling hormone concentrations rather than increases in gland volume. Similarly, Tyson, Friesen & Anderson (1972) Findlay (1966) observed dynamic changes in electrical activity that paralleled closely the individual sucking motions of the young. The innervation of the mammary parenchyma is sparse, though Findlay (1966) observed some nerve fibres that responded to pressure and to traction on the interlobular septa after removal of the skin. This weak innervation of the parenchyma probably provides information on the state of mammary engorgement and of the pressure changes at milk ejection. It is, however, the proprioceptive innervation of the nipple that is important for reflex milk ejection (Sala, Luther, Arballo & Cordero-Funes, 1974 ). In the rabbit, a species which does not milk eject in response to the sight, sound or smell of the young, reflex milk ejection does not occur after the nipples have been locally anaesthetized with lignocaine (Findlay, 1968 Therefore, in the absence of such electrical recordings, it is possible to glean some insight into the sensory information being transmitted to the brain through a detailed examination of the sucking activities of the young. Wakerley & Drewett (1975) (Lincoln et al, , 1980 (Text-fig. 2 ). The mean interval is usually in the range of 2-10 min, but differs slightly between animals and according to the anaesthetic used. The interval cannot be reset by the introduction of additional milk ejections evoked by the injection or infusion of exogenous oxytocin (Lincoln, 1974b) or the release of endogenous oxytocin by electrical stimulation of the posterior pituitary (Wakerley & Deverson, 1975) . For some minutes after milk ejection the mechanism governing oxytocin release appears to be refractory to further stimulation. Otherwise, the intense sucking activity observed at milk ejection would trigger a further release of oxytocin, and further milk ejections would recur at intervals of 10-20 sec. Just occasionally a situation akin to this is observed: a milk ejection evoked by exogenous oxytocin is sometimes followed after about 20 sec by an endogenouslymediated milk ejection. In normal circumstances the interval between milk ejections would appear to be independent of oxytocin feedback and of events related to milk ejection at the level of the mammary gland. fig. 7 ) (Lincoln, 1973; Voloschin & Tramezzani, 1979; Lincoln et al, 1980 (Lincoln, 1969) . Indeed, relatively mild sensory stimuli such as stroking of the skin will evoke EEG arousal and inhibit reflex milk ejection. However, the sucking of the nipples by the young is unusual in this respect because the application of the young induces an hour or more of continuous slow-wave EEG activity, i.e. the stimulus is soporific (Lincoln et al, 1980) .
In no species other than the rat has an association between sleep and milk ejection been observed. With many species the period of nursing is one of danger to both mother and young, and it does not require EEG recordings to determine that many animals remain very alert throughout the nursing period. Perhaps wakefulness is even a pre-requisite for milk ejection (Poulain, Rodriguez & Ellendorff, 1981 (Cross, 1955; Aulsebrook & Holland, 1969) . A proportion of rats when anaesthetized do not milk eject when suckled by a large litter, but do so after the administration of centrally active ß-adrenoceptor blocking drugs such as propranolol and oxprenolol at doses as low as 30 µg/kg (Tribollet, Clarke, Dreifuss & Lincoln, 1978) . Practolol, an antagonist with limited access to the brain, was ineffective at 1-5 mg/kg. Central inhibition might therefore involve a release of noradrenaline onto ß-adrenoceptors. Noradrenergic terminals have been observed in the hypothalamic magnocellular nuclei and noradrenaline applied iontophoretically to antidromically identified neurones in these nuclei has been shown to inhibit cell firing via a ß-receptor mechanism (Barker, Crayton & Nicoli, 1971) . However, propranolol has no effect on the spontaneous firing of oxytocinergic neurones even when, in refractory animals, it had facilitated milk ejection (Tribollet et al, 1978) . Propranolol would thus appear to act at some site other than the magnocellular nuclei.
Afferent pathways in reflex milk ejection
The central pathways involved in the transmission of the afferent stimuli for the release of oxytocin have been extensively reviewed (Cross & Dyball, 1974; Tindal, 1978 (Clarke, Fall, Lincoln & Merrick, 1978) . Antagonists of the muscarinic type cause no inhibition at very high doses (e.g. atropine, 200 mg/kg i.v.). This contradicts many of the earlier observations in which atropine was shown to be inhibitory, but in none of the earlier studies were the experiments controlled to take into account the many non-specific mechanisms by which milk ejection may be inhibited (e.g. EEG arousal). Conversely, the injection of cholinomimetics (acetylcholine, 20-100 µg; bethanechol, 0-2-4-0 µg; carbachol, 0-01-0-2 µg) into the cerebral ventricles evoked a large and sustained release of oxytocin (Text- fig. 2) . This release of oxytocin was abolished by atropine at 0-1-1 -0 mg/kg, i.v., whereas nicotinic antagonists had no effect. Such an observation suggests the existence within the central nervous system of a second oxytocin-releasing pathway characterized by cholinergic-muscarinic transmission. This pathway might relate to the induction of oxytocin release by exteroceptive cues perceived and analysed by higher nervous centres, e.g. the sight of the young, because most cholinergic synapses in the cerebral cortex are of a muscarinic type (Krnjevic & Phillis, 1963) .
Noradrenaline. A case has already been made for the involvement of noradrenaline in the central inhibition of oxytocin release by ß-adrenoceptors, and as previously mentioned ß-adrenoceptor antagonists do not influence the ongoing pattern of reflex milk ejection. Alpha-adrenoceptor antagonists, by contrast, cause a dose-related inhibition of suckling-induced milk ejection. Phentolamine at 1 mg/kg increased the milk ejection interval 6-fold and at 2 mg/kg increased the interval 13-fold (Tribollet et al, 1978) . There is considerable confusion regarding the effects of centrally administered noradrenaline on the release of oxytocin. The result is clearly going to depend on the predominant effect: inhibition via ß-receptors and excitation by -receptors. Dopamine. Dopamine antagonists block reflex milk ejection in the rat, and their rank order of potency corresponds closely with comparisons made using dopamine receptor binding (Russell, Harrison & McNeilly, 1981) .
In studies of electrical activity, dopamine produced an intermittent and burst-like acceleration in the firing of putative oxytocinergic neurones. This contrasts with the sustained elevation (15 min duration) in action potential activity evoked by intraventricular injections of carbachol. It therefore seems plausible that dopamine may be involved in the mechanism underlying pulsatile release.
Milk ejection in the rat: 10 principles of organization
(1) The mammary gland responds most efficiently to bolus injections of oxytocin (~1 mU) delivered at intervals of 3 min or greater.
(2) Pulses of 0-5-1-0 mU oxytocin are released from the posterior pituitary at regular intervals of 2-10 min during nursing, although the young remain attached to the nipples throughout. A lactating rat suckles for about 18 h each day and milk ejects about 100 times.
(3) The posterior pituitary contains 500 mU oxytocin: 1000 times the amount required to elicit an individual milk ejection.
(4) Each pulse of oxytocin released from the pituitary is created by an explosive 2-4 sec acceleration in the firing of the oxytocin-producing neurones. This dramatic increase in activity occurs synchronously throughout the hypothalamic magnocellular nuclei and the high frequencies of activity (20-80 action potentials/sec) enhance by a factor of 100 or more the amount of hormone released by each action potential.
(5) The interval between one milk ejection and the next is determined by central factors: it is not governed by the number of young attached to the nipples, and cannot be reset by the experimental introduction of additional milk ejections.
(6) The release of oxytocin is sleep related, and release is inhibited by any stimulus that produces arousal/wakefulness. Most anaesthetics do not prevent sucking-induced milk ejection providing they induce a 'sleep-like' EEG.
(7) The reflex pathway mediating oxytocin release contains synaptic mechanisms activated by noradrenaline, acetylcholine and dopamine. 5-Hydroxytryptamine and gamma-aminobutyric acid do not appear to be involved.
(8) Proprioceptive inputs from the nipple provide the main stimulus for oxytocin release, but there is no increase in sucking activity coincident with the explosive acceleration in the firing of the oxytocin neurones.
(9) The young display a vigorous increase in sucking activity immediately following the rise in intramammary pressure; this is a response to milk ejection and not a trigger for oxytocin release.
(10) Reflex milk ejection is inhibited by adrenaline at the level of the mammary gland, by opioid peptides influencing secretion from the terminals of oxytocin-producing neurones in the posterior pituitary, and by noradrenaline acting on ß-adrenoceptors within the central nervous system.
